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A  novel  ternary  composite  membrane  is  prepared  by  inverse  phase  separation  of  a  mixture  con¬ 
taining  silyl  functionalized  poly(vinylidene  fluoride)  (SF-PVDF),  phosphotungstic  acid  (PWA)  and 
3-aminopropyltrimethoxysilane  (APTMS).  The  composition  and  structure  of  the  resulting  membranes 
are  characterized  using  Fourier  transform  infrared  spectroscopy  (FTIR),  thermogravimetric  analysis  (TGA), 
scanning  electron  microscopy  (SEM)  and  a  Universal  Testing  Machine  (UTM).  Water  uptake  and  PWA  loss 
of  the  membrane  are  examined  for  different  membrane  types  as  well  as  PWA  amounts  in  the  membranes. 
The  effect  of  membrane  type,  temperature  and  the  amounts  of  PWA  on  proton  conductivity  are  also  stud¬ 
ied.  It  is  found  that  the  loss  of  PWA  and  water  contained  in  the  membrane  dramatically  decreases  by 
adding  suitable  amounts  of  APTMS  to  the  membranes.  The  novel  ternary  composite  membrane,  with 
good  mechanical  strength  and  thermal  stability,  can  reach  a  proton  conductivity  of  0.01  S  cm-1  under 
moderate  conditions. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

A  proton  conductive  membrane  is  a  key  component  for  advanced 
polymer  electrolyte  membrane  fuel  cells.  Good  permeability,  con¬ 
ductivity  and  mechanical  stability  are  essential  for  usage  of  the 
membranes  at  moderate  temperature.  A  number  of  preparation 
methods  have  been  developed  to  enhance  the  performance  of 
fuel  cell  membranes  such  as  sulfonation  [1,2],  polymer  blends 
[3-6],  crosslinking  [7-9],  addition  of  fillers  [10-13]  and  the  sol-gel 
method  [14-17].  These  methods,  however,  can  hardly  satisfy  the 
required  properties  for  polymer  electrolyte  membranes.  For  exam¬ 
ple,  sulfonation  of  a  polymer  can  considerably  increase  proton 
conductivity  at  the  expense  of  losing  mechanical  stability  and 
increasing  fuel  permeability.  Particularly,  when  the  operating 
temperature  is  higher  than  100  °C,  the  proton  conductivity  of  a 
sulfonated  polymeric  electrolyte  membrane,  such  as  Nation,  drops 
dramatically  because  of  dehydration.  Therefore,  it  has  been  a  chal¬ 
lenging  issue  to  develop  a  novel  membrane  material  with  high 
proton  conductivity,  low  fuel  permeation,  and  good  mechanical  and 
thermal  properties  for  fuel  cell  applications. 

Poly(vinylidene  fluoride)  (PVDF)  is  an  excellent  material  for 
membranes  due  to  its  advantages  of  easy  membrane  forma¬ 
tion,  high  strength,  and  good  resistance  to  solvents,  acids  and 
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bases.  Because  of  this,  a  number  of  materials  based  on  PVDF  are 
widely  employed  as  a  component  of  fuel  cell  membranes.  PVDF 
blends  such  as  polyetheretherketone-poly(vinylidene  fluoride) 
(PEEK-PVDF)  [18]  and  nafion-PVDF  [19]  have  been  successfully 
used  for  direct  methanol  fuel  cells  to  decrease  methanol  perme¬ 
ability.  In  addition,  PVDF  graft  copolymers  [20]  with  sulfonated 
polymer  side-chains  have  been  used  as  electrolytes  with  good 
thermal  stability  up  to  350  °C.  Furthermore,  PVDF  composite  mem¬ 
branes  such  as  PVDF-HFP-PEG-A1203  [21]  and  PVDF-heteropoly 
acid  (HPA)  [22]  have  also  used  as  solid-state  membranes  for  fuel 
cells.  Nevertheless,  the  poor  compatibility  of  PVDF  with  other  inor¬ 
ganic  materials,  such  as  HPA,  limits  its  application  in  composite 
materials.  Thus,  one  of  the  objectives  of  this  study  is  to  modify  PVDF 
with  silyl  groups  by  grafting  3-(trimethoxysilyl)  propyl  methacry¬ 
late  (TMSPMA)  via  atom  transfer  radical  polymerization  (ATRP), 
making  the  modified  PVDF  compatible  with  heteropolyacid  in  polar 
solvents. 

Heteropoly  acids,  such  as  phosphotungstic  acid  (PWA)  [23],  have 
long  been  characterized  as  solid  acids  with  high  proton  conductiv¬ 
ity  due  to  their  dense,  hydrogen-bonded  hydration  water  network. 
This  water  network  is  stable  even  at  the  temperatures  higher  than 
100  °C.  A  problem  arose,  however,  when  HPAs  were  directly  mixed 
with  the  substrate  materials  [13];  they  tend  to  flow  out  of  the  com¬ 
posites  after  being  used  for  a  short  period  of  time.  In  this  study, 
such  problem  is  prevented  by  incorporating  PWA  with  a  silica 
network  which  is  grafted  to  PVDF  macromolecular  chains.  Since 
PWA  [24]  has  strong  interaction  with  amino  groups,  addition  of  3- 
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aminopropyltrimethoxysilane  (APTMS)  to  the  silica  network  in  the 
membrane  can  decrease  the  leaking  of  PWA. 

In  order  to  get  a  highly  conductive  membrane  with  excel¬ 
lent  mechanical  strength  and  thermal  stability,  silyl  functionalized 
PVDF,  PWA  and  APTMS  are  used  to  prepare  the  ternary  compos¬ 
ite  membrane.  The  grafted  PVDF  with  PTMSPMA  side-chains  offers 
reaction  sites  for  APTMS.  The  hydrolysis  of  PTMSPMA  side-chains 
and  APTMS  produces  the  silica  networks  or  particles  in  which  the 
amino  groups  can  react  with  PWA  to  form  ionic  bonds.  This  kind 
of  bonding  is  helpful  for  keeping  the  PWA  in  the  composite  mem¬ 
brane  and  thus  increasing  the  conductivity.  The  formation  of  silica 
network  contributes  to  the  mechanical  property  of  the  composite 
membranes. 

2.  Experimental 

2  A.  Materials 

PVDF  (Solvey  6013/1001  Mw  ca.  2.2  x  105  gmol-1)  was  received 
from  Solvey  Korea  Co.  Phosphotungstic  acid,  l-methyl-2-pyrro 
lidinone  (NMP),  copper  (I)  chloride  (CuCl),  4,4'-dimethyl-2,2'- 
dipyridyl  (DMDP),  3-(trimethoxysilyl)  propyl  methacrylate,  3- 
aminopropyltrimethoxysilane,  ether,  and  ammonia  water  (28  wt.%) 
were  purchased  from  Aldrich  Chemical  Co. 

2.2.  Synthesis  of  grafted  PVDF 

PVDF-g-PTMSPMA  grafted  polymers  [25]  were  synthesized  by 
ATRP  using  PVDF  as  the  macro-initiator.  From  the  secondary  fluo¬ 
rine  atoms  of  PVDF,  TMSPMA  was  initiated  by  CuCl  and  DMDP  in  an 
NMP  solution.  A  typical  procedure  is  given  as  follows.  Five  grams 
of  PVDF  were  dissolved  in  45  ml  NMP  in  a  round-bottom  flask  and 
mixed  using  a  magnetic  stirrer  at  60  °C.  After  complete  dissolution 
of  the  PVDF,  the  solution  was  cooled  to  room  temperature.  Then, 
CuCl  (0.083  g),  DMDP  (0.155  g)  and  TMSPMA  (10  ml)  were  added, 
and  the  flask  was  sealed  with  a  rubber  septum.  In  order  to  remove 
the  dissolved  oxygen,  argon  gas  was  bubbled  through  a  needle  that 
penetrated  through  the  rubber  septum  and  into  the  mixed  solution 
for  30  min  with  constant  stirring.  The  flask  was  then  transferred  to 
an  oil  bath  which  was  preheated  at  90  °C.  The  reaction  was  allowed 
to  proceed  for  20  h  and  the  reaction  mixture  was  precipitated  in 
ether.  For  further  purification,  the  grafted  polymer  was  redissolved 
in  NMP  and  re-precipitated  three  times  in  ether.  The  precipitated 
grafted  polymer  was  filtered  with  a  Buchner  funnel  and  dried  under 
vacuum  at  room  temperature  for  48  h. 

2.3.  Membrane  preparation 

The  composite  membranes  containing  silyl  functionalized  PVDF 
(SF-PVDF)  and  PWA  were  prepared  using  a  solvent  evapora¬ 
tion  method.  As  a  comparison,  pure  PVDF  and  a  crosslinker 
3 -aminopropyltrimethoxysilane  were  also  used  to  prepare  the 


membranes.  The  components  and  the  corresponding  codes  of  the 
different  membranes  are  listed  in  Table  1.  As  a  component  of  the 
membrane,  PWA  also  serves  as  a  catalyst  for  the  hydrolysis  of  silyl 
groups  in  the  functional  PVDF  or  APTMS.  In  detail,  (silyl  function¬ 
alized)  PVDF,  PWA  and  APTMS  (if  used)  were  dissolved  in  NMP  and 
stirred  until  a  homogeneous  solution  was  obtained.  The  solution 
was  poured  in  a  Teflon  Petri  dish  and  dried  in  a  vacuum  oven  at 
room  temperature  for  solvent  evaporation.  After  the  membrane 
was  formed,  the  temperature  was  increased  to  80  °C  to  remove  the 
excess  solvent. 

2.4.  Membrane  characterization 

2  A  A.  Water  uptake  and  PWA  loss  determination 

Water  uptake  and  PWA  loss  were  measured  by  the  weight  dif¬ 
ference  between  the  dried  and  wet  membranes.  A  piece  of  the 
membrane  was  dried  in  vacuum  at  150  °C  to  obtain  a  constant 
weight  (W0),  and  was  then  immersed  in  water  for  24  h.  The  wet 
membrane  was  then  weighed  (Wi)  after  removing  the  surface 
water  using  tissue  paper.  Finally,  the  membrane  was  again  dried  in 
vacuum  at  150  °C  and  weighed  ( W2).  The  weight  of  each  membrane 
was  then  measured  for  at  least  three  times  to  obtain  an  approxi¬ 
mately  constant  weight.  The  PWA  loss  is  calculated  by: 

PWA  loss  (wt.%)  =  W°~  —  (1) 

Wo 

Water  uptake  is  recorded  by: 

,  ,  W1+(W0-W2)-W0 

water  uptake  (wt.%)  =  Wi+(Wo_W2)  (2) 

2.4.2.  Proton  conductivity  determination 

The  proton  conductivity  of  the  membranes  was  measured  using 
a.c.  impedance  spectroscopy  (IM6EX,  Zahn)  over  a  frequency  range 
of  20  mFIz-1  MHz  in  galvanostatic  mode,  with  an  a.c.  current  ampli¬ 
tude  of  10  fxA  using  a  four-point-probe  method.  The  membrane 
was  cut  into  1  x  4  cm  and  clamped  between  the  electrodes.  The 
measurement  was  taken  in  a  sealed  flask  with  a  little  amount  of 
water  at  temperatures  ranging  from  20  to  100  °C.  The  resistance 
value  was  read  from  the  Nyquist  graph  of  the  spectroscopy.  Proton 
conductivity  was  calculated  by: 


where:  p  is  the  proton  conductivity;  L(1  cm)  is  the  distance  between 
the  sensing  electrodes;  d  is  the  thickness  of  the  membrane,  which 
was  measured  using  a  micrometer;  D  (1  cm)  is  the  width  of  the 
membrane. 

2.4.3.  Characterization 

Fourier  transform  infrared  spectroscopy  (FTIR,  Varian  2000)  was 
used  to  obtain  the  spectra  of  the  membranes.  All  spectra  were 
acquired  by  signal  averaging  32  scans  at  a  resolution  of  8  cm-1  in 
attenuated  total  reflection  (ATR)  mode.  Thermal  degradation  of  the 


Table  1 

Loss  of  PWA  and  water  uptake  of  membranes. 


Membrane  composites 

Polymer  (mg) 

PWA  (mg) 

APTMS  (mg) 

PWA  loss  (wt.%) 

Water  uptake  (wt.%) 

SF-PVDF/PWA-1 

200 

50 

- 

0.23 

1.14 

SF-PVDF/PWA-2 

200 

100 

- 

2.18 

1.79 

SF-PVDF/PWA-3 

200 

200 

- 

16.4 

1.03 

SF-PVDF/PWA-4 

200 

400 

- 

50.3 

6.39 

PVDF/PWA 

200 

200 

- 

13.7 

3.39 

SF-PVDF/PWA/NH2Si02-l 

200 

200 

50 

1.42 

3.25 

SF-PVDF/PWA/NH2  Si02  -2 

200 

200 

20 

3.11 

6.77 

PVDF/PWA/NH2Si02-l 

200 

200 

50 

6.32 

3.06 

PVDF/PWA/NH2Si02-2 

200 

200 

20 

2.57 

2.70 

PVDF/PWA/NH2Si02-3 

200 

400 

20 

37.5 

6.57 
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membranes  was  also  measured  using  thermogravimetric  analysis 
(TGA,  TG/DSC  92,  Setaram)  by  heating  the  samples  from  60  to  800  °C 
at  a  heating  rate  of  10°Cmin-1  under  a  nitrogen  atmosphere.  All 
mechanical  testing  was  performed  by  means  of  a  Universal  Test¬ 
ing  Machine  (UTM  LF  Plus,  Lloyd),  equipped  with  a  1  kN  load  cell. 
The  test  was  conducted  at  a  cross-head  speed  of  10  mm  min-1. 
Scanning  electron  microscopy  (SEM)  images  were  obtained  with 
a  Hitachi  S-3500N  SEM.  The  specimens  were  sputtered  with  gold 
in  a  high-vacuum  evaporator  before  examination. 

3.  Results  and  discussion 

3.1.  FTIR  spectra  of  membranes 

As  demonstrated  in  Fig.  1(A),  the  absorption  peak  that  appears 
at  980  cm-1  is  attributed  to  the  vibration  of  the  W-0  band  [26]  in 
PWA.  Whereas,  the  characteristic  vibration  of  the  C-F  band  in  silyl 
functionalized  PVDF  appears  at  1404  cm-1.  The  relative  intensity 
of  these  two  peaks  shows  the  corresponding  contents  of  the  two 
components,  PWA  and  silyl  functionalized  PVDF,  in  the  composites. 
The  ratio  of  the  intensity  of  the  two  peaks  (/980/J1404)  increases  from 
0.37  to  1.20, 1.69,  and  2.78  when  increasing  the  content  of  PWA  from 
20  to  33,  50,  and  67  wt.%,  respectively. 

Moreover,  the  ATR  absorption  peaks  of  silyl  functionalized  PVDF 
and  its  binary  and  ternary  composite  membranes  are  indicated 
in  Fig.  1(B).  The  peaks  at  3200-3700  cm-1  are  attributed  to  the 
hydroxyl  groups  of  water  contained  in  PWA.  The  increase  in  the 


intensity  of  the  band  of  siloxane  (— Si— O— Si— )  at  1080  cm-1  and 
the  shifting  of  the  peaks  of  Si-OR  (from  840  to  810  cm-1)  are  due 
to  the  hydrolysis  of  siloxanes  (PTMSPMA  side-chains  and  APTMS). 
Furthermore,  the  peaks  of  amino  groups  are  shown  at  1430  cm-1 
for  NH2  stretching,  1638  cm-1  for  N-H  bending  vibration  [27] 
and  1132  cm-1  for  N-H  deformation.  The  peaks  appearing  around 
1600cm-1  can  be  attributed  to  the  deformational  vibrations  [28] 
of  adsorbed  water  molecules. 

3.2.  PWA  loss  and  water  uptake 

The  proton  conductivity  of  polymeric  electrolyte  membranes 
depends  on  the  components  and  structures  of  the  membranes  at 
the  same  temperature  and  humidity.  PWA,  combined  with  a  large 
amount  of  water  molecules  around  its  Keggin  structure,  makes  it 
suitable  for  proton  conductivity.  In  this  study,  the  proton  conduc¬ 
tivity  of  PVDF-PWA  membranes  varies  with  the  amount  of  PWA 
included  in  the  membrane.  This  is  because  PWA  serves  as  the 
proton-transfer  site  and  its  interaction  with  water  molecules  forms 
the  channel  for  proton  transportation  in  the  membrane.  It  is  evident 
that  the  amount  of  transfer  sites  increases  as  the  amount  of  PWA 
increases,  although  partial  PWA  is  lost  as  seen  in  Table  1.  Hence 
the  water  uptake  of  the  membranes  increases  with  the  amount 
of  PWA  in  the  membrane.  As  observed,  PWA  loss  is  50  wt.%  when 
the  amount  of  PWA  in  the  membrane  is  67  wt.%.  The  loss  of  PWA 
definitely  influences  the  proton  conductivity  of  the  membranes. 
Therefore,  a  strategy  was  used  to  decrease  the  PWA  loss  by  adding 
APTMS  to  form  a  ternary  composite.  The  addition  of  APTMS  fulfils 
two  roles:  (1)  to  form  crosslinking  of  SF-PVDF  or  PVDF  polymer  in 
the  membranes  by  hydrolysis  of  methoxysilanes;  (2)  to  enhance  the 
interaction  with  PWA  by  supplying  amine  groups.  PWA  itself  acts 
as  a  catalyst  and  provides  water  for  the  hydrolysis  of  APTMS  and 
PTMSPMA  side-chains  in  SF-PVDF.  The  PWA  loss  decreases  dramat¬ 
ically  by  adding  APTMS  both  in  PVDF  and  SF-PVDF  membranes,  as 
shown  in  Table  1.  By  adding  50  mg  APTMS  in  the  membrane,  water 
uptake  increases  three  times  in  SF-PVDF  composite  membranes, 
whereas  it  decreases  a  little  in  PVDF  composite  membranes.  The 
different  water  uptake  in  the  two  types  of  composite  membrane 
is  due  to  the  formation  of  different  microstructures  in  the  mem¬ 
brane  (see  Fig.  2).  In  the  PVDF  composite  membrane,  APTMS  tends 
to  aggregate  to  form  particles  dispersing  in  the  PVDF  phase.  PWA 
either  attaches  to  the  formed  particles  or  is  dispersed  in  the  PVDF 
polymer  phase.  However,  the  existence  of  silyl  side  groups  in  the 
silyl  functionalized  PVDF  allows  APTMS  to  combine  with  SF-PVDF 
and  form  a  network  structure  with  amine  groups  appending  freely. 
These  free  amine  groups  have  strong  interaction  with  PWA. 

3.3.  Mechanical  and  thermal  properties 

The  structural  differences  of  the  membranes  can  also  be  con¬ 
firmed  from  the  differences  in  their  ability  to  handle  mechanical 
stress.  In  Fig.  3,  the  silyl  functionalized  PVDF  membrane  shows  a 
lower  stress  compared  with  the  pure  PVDF  membrane.  After  blend¬ 
ing  with  PWA,  both  membranes  decrease  their  stress  by  around  half. 
By  increasing  the  amount  of  PWA,  the  stress  of  SF-PVDF/PWA  binary 
membranes  also  decreases.  Addition  of  APTMS  slightly  decreases 
the  stress  for  both  types  of  membranes.  On  the  other  hand,  the 
extension-to-break  of  the  ternary  membrane  is  much  higher  than 
that  of  the  binary  membrane.  Moreover,  the  effect  of  the  differ¬ 
ent  amounts  of  APTMS  on  the  mechanical  properties  of  the  two 
types  of  membrane  is  different.  In  SF-PVDF/PWA/NH2Si02  ternary 
membranes,  more  APTMS  results  in  higher  stress  as  well  as  higher 
extension.  In  other  words,  more  APTMS  in  the  membrane  will 
help  increase  its  toughness.  The  formation  of  a  network  structure 
should  be  responsible  for  this  increase  in  toughness.  On  the  con- 


314 


Y.  Chen,  H.  Kim  /  Journal  of  Power  Sources  190  (2009)  311-317 


Fig.  2.  Scheme  of  structures  of  ternary  composite  membranes  (A)  PVDF/PWA/APTMS  and  (B)  SF-PVDF/PWA/APTMS. 


trary,  more  APTMS  leads  to  lower  stress  and  lower  extension  (or 
lower  toughness)  in  PVDF/PWA/NH2Si02  ternary  membranes.  At 
lower  amounts  of  APTMS,  it  acts  as  a  plasticizer  which  enhances 
the  toughness  of  the  membrane.  As  more  APTMS  is  added,  how¬ 
ever,  it  tends  to  form  particles  under  the  catalysis  of  PWA  and  thus 
decreases  the  toughness  of  the  membrane. 

Thermal  gravimetric  analysis,  as  shown  in  Fig.  4,  reveals  that 
the  degradation  temperature  of  the  composite  membranes  is  lower 
than  those  of  their  corresponding  pure  membranes.  This  decrease 
in  degradation  temperature  can  be  attributed  to  the  influence  of 


the  addition  of  PWA  on  the  crystallinity  of  PVDF  or  SF-PVDF.  This 
influence  is  much  stronger  in  the  PVDF  composite  membrane  than 
in  the  SF-PVDF  composite  membrane  since  the  degradation  tem¬ 
perature  of  the  PVDF  composite  membrane  decreases  from  440  to 
370  °C,  whereas  for  the  SF-PVDF  composite  membrane,  it  decreases 
from  420  to  400  °C. 

3.4.  SEM  images  of  membranes 

The  surface  morphologies  of  the  membranes  prepared  from 
PVDF/ PWA  and  SF-PVDF/PWA  with  or  without  APTMS  were 
observed  using  SEM.  Fig.  5(A)  and  (B)  shows  the  surface  images 
of  PVDF/ PWA  and  SF-PVDF/PWA  membranes,  each  with  50wt.% 
of  PWA.  In  the  PVDF/PWA  composite  membrane,  aggregation  of 
PWA  on  the  surface  can  be  identified  in  Fig.  5(A).  By  contrast,  a 
uniform  surface  forms  in  the  SF-PVDF/PWA  composite  membrane. 
Self-hydrolysis  of  PTMSPMA  side-chains  catalyzed  by  PWA  makes 
SF-PVDF  more  compatible  with  PWA  and  results  in  a  regular  surface 
structure. 

A  more  interesting  phenomenon  appears  when  APTMS  is  added 
in  the  membranes,  as  shown  in  Fig.  5(C)  and  (D).  A  dense  sur¬ 
face  layer  is  formed  with  evenly  distributed  micropores,  with 
a  size  of  around  4.5  and  8.2  f±m,  measured  from  Fig.  5(G)  and 
(H)  in  PVDF/PWA/APTMS  and  SF-PVDF/PWA/APTMS  ternary  mem¬ 
branes,  respectively.  The  formation  of  the  dense  surface  layer  can 
be  explained  through  the  hydrolysis  of  APTMS,  wherein  it  tends  to 
move  to  the  surface  of  the  membranes.  The  pores  on  the  surface 
layer  in  the  SF-PVDF/PWA/APTMS  membrane  are  larger  than  those 


Fig.  3.  Mechanical  properties  of  membranes. 


Fig.  4.  TGA  curves  of  membranes. 
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Fig.  5.  SEM  images  of  (A)  PVDF/PWA,  (B)  SF-PVDF/PWA,  (C)  PVDF/PWA/APTMS,  and  (D)  SF-PVDF/PWA/APTMS.  (E),  (F),  (G),  and  (H)  are  images  with  higher  magnification, 
correspondingly. 


in  the  PVDF/PWA/APTMS  membrane  because  of  less  hydrolyzed 
APTMS,  which  is  bonded  with  TMSPMA  side-chains,  can  move  to 
the  surface.  The  dense  layer  with  micropores  containing  hydrophilic 
NH2  groups  decreases  the  PWA  loss  and  increases  the  water  uptake, 
thus  increasing  the  proton  conductivity. 

3.5.  Proton  conductivity  of  membranes 

The  proton  conductivities  of  the  four  different  types  of  mem¬ 
brane  with  50wt.%  PWA  and  50  mg  APTMS  for  the  ternary 
membranes  were  measured  using  a  four-point-probe  method.  As 
shown  in  Fig.  6,  although  the  addition  of  APTMS  to  the  membranes 
considerably  decreases  the  loss  of  PWA,  their  proton  conductivities 


remain  lower  compared  with  their  corresponding  binary  mem¬ 
branes;  and  even  at  higher  temperatures,  the  difference  in  their 
proton  conductivities  decreases.  The  formation  of  a  network  by  the 
hydrolysis  of  APTMS,  which  hinders  the  transportation  of  protons, 
is  responsible  for  this  low  proton  conductivity.  Therefore,  fewer 
amounts  of  APTMS  should  be  used  to  find  a  balance  between  PWA 
loss  and  proton  conductivity.  The  effects  of  the  amount  of  APTMS 
will  be  discussed  later  on.  Flerein,  the  focus  is  placed  on  the  effect  of 
temperature  on  the  proton  conductivities  of  the  four  types  of  mem¬ 
brane.  The  proton  conductivity  of  the  binary  membranes  follows  the 
same  rule,  that  is,  increasing  at  first  to  a  maximum  at  60  °C  and  then 
decreasing  as  the  temperature  is  further  increased.  The  increas¬ 
ing  proton  conductivity  at  temperatures  lower  than  60  °C  can  be 
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Fig.  6.  Proton  conductivity  of  different  membranes  with  temperatures. 


Fig.  7.  Proton  conductivity  of  membranes  with  different  amounts  of  PWA. 


attributed  to  the  augmented  diffusion  of  the  proton  in  the  polymer 
composite  membranes.  At  a  temperature  higher  than  60  °C,  proton 
conductivity  decreases  with  increasing  temperature,  which  is  due 
to  a  loss  of  both  PWA  and  water.  Proton  conductivity  depends  on 
three  factors:  (1 )  the  mobility  of  protons  in  the  membranes;  (2)  the 
amount  of  PWA  left  in  the  membranes;  (3)  the  amount  of  water  in 
the  membranes.  Thus,  the  conductivity  of  the  ternary  membranes 
varies  with  temperature  irregularly.  The  individual  effect  of  each 
factor  in  the  binary  membranes  is  investigated  in  the  next  section. 

3.6.  Effect  of  temperature  and  amount  of  PWA  on  proton 
conductivity 

The  proton  conductivity  of  the  binary  membranes  was  mea¬ 
sured  at  different  temperatures  from  20  to  100  °C  at  water  vapour 
by  holding  the  membrane  over  a  water  reservoir.  Each  measure¬ 
ment  was  carried  at  a  fixed  temperature  after  the  set  temperature 
has  been  reached  for  15  min.  Generally,  the  proton  conductivities  of 
the  membranes  increase  with  increasing  amounts  of  PWA  added  in 
the  membranes  at  temperatures  from  20  to  100  °C.  Only  the  proton 
conductivities  of  membranes  with  20wt.%  PWA  directly  increase 
with  temperature.  Especially  after  45  °C,  the  proton  conductivity 
sharply  increases  and  is  even  higher  than  that  of  the  membrane 
containing  67wt.%  of  PWA  measured  at  100  °C.  When  the  amount 
of  PWA  is  higher  than  33  wt.%,  however,  the  proton  conductivities 
of  the  membranes  tend  to  reach  a  maximum  and  then  decrease 
with  temperature.  In  addition,  membranes  with  greater  amounts 
of  PWA  reach  their  maximum  conductivities  at  lower  temperatures 
(see  Fig.  6). 

The  proton  conductivities  of  the  membranes  increase  with 
increasing  amount  of  PWA,  both  at  room  temperature  (25  °C)  and 
at  a  higher  temperature  (75  °C)  as  seen  from  Fig.  7.  The  rate  of 
increase  at  room  temperature,  however,  is  much  faster  than  that  at 
75  °C.  Moreover,  the  difference  in  the  conductivity  between  those 
measured  at  room  temperature  and  at  high  temperature  becomes 
smaller  with  an  increasing  amount  of  PWA  added  in  the  mem¬ 
branes. 

3. 7.  Effect  ofAPTMS  on  proton  conductivity 

APTMS  plays  a  very  important  role  in  the  proton  conductiv¬ 
ity  of  the  membrane  (see  Fig.  6).  First,  it  forms  a  network  with 
the  polymers  to  stop  PWA  from  leaking  out  of  the  membrane. 
Second,  its  amine  groups  interact  and  attach  with  PWA  to  form 
channels  for  proton  transportation.  It  can  be  seen  that  the  ternary 


membranes  with  50  mg  APTMS  have  lower  conductivity  than  the 
corresponding  binary  membrane.  The  reason  for  this  decrease  in 
proton  conductivity  is  the  formation  of  tight  silica  networks  and  this 
hinders  the  transportation  of  protons  in  the  membrane.  Therefore, 
fewer  amounts  of  APTMS  (20  mg)  were  added  in  the  membranes 
to  observe  the  changes  in  conductivity.  Both  ternary  membranes 
prepared  from  PVDF  and  SF-PVDF  show  an  increase  in  proton 
conductivity  of  1-2  magnitude.  SF-PVDF  ternary  membranes  have 
higher  conductivities  than  their  corresponding  PVDF  ternary  mem¬ 
branes.  In  addition,  a  conductivity  of  0.01  S  cm-1  can  be  reached  at 
70  °C  with  the  SF-PVDF/PWA/APTMS  ternary  composite  membrane. 

4.  Conclusions 

A  ternary  composite  membrane  SF-PVDF/PWA/APTMS  has  been 
prepared  using  APTMS  as  an  anchor  for  keeping  PWA  in  the  mem¬ 
brane  structure  by  the  hydrolysis  of  the  silane  groups  in  the 
side-chains  of  SF-PVDF  and  in  APTMS.  PWA  acts  as  a  catalyst  for  both 
the  hydrolysis  of  silane  groups  as  well  as  for  proton  conductivity. 
The  prepared  ternary  composite  membranes  have  good  mechanical 
and  thermal  properties  due  to  the  formation  of  network  structures. 
The  addition  of  APTMS  dramatically  decreases  the  leakage  of  PWA 
and  thus  enhances  the  proton  conductivity  of  the  membranes.  The 
amount  of  APTMS  has  an  obvious  influence  on  the  conductivity  of 
the  ternary  membranes  and  a  proton  conductivity  of  0.01  Scm-1 
can  be  reached  at  70  °C  with  20  mg  APTMS  added  in  the  membrane. 
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